The authors investigated the association between daily variations in ozone and cause-specific mortality. Fixed-site air pollution monitors in Montreal, Quebec, provided daily mean levels of ozone, particles, and other gaseous pollutants. Information on the date and underlying cause of death was obtained for residents of Montreal who died in the city between 1984 and 1993. The authors regressed the logarithm of daily counts of cause-specific mortality on mean levels of ozone, after accounting for seasonal and subseasonal fluctuations in the mortality time series, non-Poisson dispersion, and weather variables. The effect of ozone on mortality was generally higher in the warm season and among persons aged 65 years or over. For an increase in the 3-day running mean concentration of ozone of 21.3 µg/m 3 , the percentage of increase in daily deaths in the warm season was the following: nonaccidental deaths, 3.3% (95% confidence interval (CI): 1.7, 5.0); cancer, 3.9% (95% CI: 1.0, 6.91); cardiovascular diseases, 2.5% (95% CI: 0.2, 5.0); and respiratory diseases, 6.6% (95% CI: 1.8, 11.8). These results were independent of the effects of other pollutants and were consistent with a log-linear response function. The predominant source of tropospheric ozone is from photochemical reactions involving volatile organic compounds and nitrogen oxides, for which internal combustion and the use of fossil fuels are important sources. Exposure to ozone is known to cause a number of deleterious effects on health (1-3), including symptoms (e.g., eye discomfort, headache) (4), increased reactivity of the airways, inflammation of the lung, decrements in lung function (5), and decreased capacity for exercise (6). There are a limited number of time-series studies of the associations between ambient ozone and daily mortality (7-12) and admissions to hospitals and visits to the emergency room for cardiovascular and respiratory conditions (13-31). It has been suggested that persons whose health is failing and who have difficulty regulating their physiologic setpoints may be at higher risk from exposure to ambient air pollution (32). Thus, it can be hypothesized that potentially susceptible subgroups may include not only those with cardiorespiratory conditions but also those with illnesses that have important systemic effects, such as diabetes and cancer. The purpose of this paper is to investigate this hypothesis by examining the association between cause-specific daily mortality and ozone from a time-series study of air pollution and daily mortality in Montreal, Quebec, a large metropolitan area that experiences relatively low levels of air pollution.
The predominant source of tropospheric ozone is from photochemical reactions involving volatile organic compounds and nitrogen oxides, for which internal combustion and the use of fossil fuels are important sources. Exposure to ozone is known to cause a number of deleterious effects on health (1-3), including symptoms (e.g., eye discomfort, headache) (4), increased reactivity of the airways, inflammation of the lung, decrements in lung function (5) , and decreased capacity for exercise (6) . There are a limited number of time-series studies of the associations between ambient ozone and daily mortality (7) (8) (9) (10) (11) (12) and admissions to hospitals and visits to the emergency room for cardiovascular and respiratory conditions (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . It has been suggested that persons whose health is failing and who have difficulty regulating their physiologic setpoints may be at higher risk from exposure to ambient air pollution (32) . Thus, it can be hypothesized that potentially susceptible subgroups may include not only those with cardiorespiratory conditions but also those with illnesses that have important systemic effects, such as diabetes and cancer. The purpose of this paper is to investigate this hypothesis by examining the association between cause-specific daily mortality and ozone from a time-series study of air pollution and daily mortality in Montreal, Quebec, a large metropolitan area that experiences relatively low levels of air pollution.
MATERIALS AND METHODS
We have described the methodology used in this study (33) (34) (35) . Briefly, the study population consisted of all residents of Montreal who died in the metropolitan area during the period from 1984 to 1993 and who were registered with the universal provincial health insurance plan. Subjects were identified from the provincial database of death certificates that provided information on the decedents' date of death, place of death, residence at the time of death, and underlying cause of death (coded to the International Classification of Diseases, Ninth Revision). The data were received in denominalized form, and the study was approved by the Institutional Review Board of McGill University.
Measurements of ozone were made using chemiluminescence (Bendix model 8002 ozone analyzer; Bendix Corporation, San Diego, California) at hourly intervals at nine fixed-site monitoring stations, and these data were used to calculate a daily city-wide average. Although other metrics have been used to characterize concentrations of ozone (e.g., maximum 8-hour running average), we decided to use the simple daily mean, as it was well correlated with these other metrics (Pearson's correlation coefficients for daily mean concentrations with a daily maximum concentration of 0.89, a daily mean concentration between 8 a.m. and 8 p.m. of 0.93, a daily mean concentration between 10 a.m. and 6 p.m. of 0.90, and a daily highest 8-hour maximum of 0.93).
Nitrogen dioxide, sulfur dioxide, carbon monoxide, and the coefficient of haze (measures elemental carbon) were monitored every 2 hours at several fixed-site stations in Montreal. Particle mass (total suspended particles, particles having aerodynamic diameters of 10 µm or under and 2.5 µm or under (PM 10 and PM 2.5 ), and sulfates in the coarse and fine fractions of the particles) was measured every 6 days (36, 37) . From July 1992 to September 1995, the measurement schedule for PM 10 and PM 2.5 was increased at one site to daily sampling (36) . We also made use of daily measurements of total sulfate particles (1986-1993) from an acid rain monitoring station at Sutton, Quebec, a rural community about 150 km southeast from the city. The average correlation between sulfates measured at this station and the two Montreal stations was 0.9.
Visibility, barometric pressure, temperature, total precipitation (distinguishing snow from rain), relative humidity, and dew point temperature were measured at Dorval International Airport. Visibility was converted into an extinction coefficient (a measure of light scattering and absorption, due mostly to sulfates) after accounting for relative humidity (38) (39) (40) . We used the measurement at noon when there was no precipitation or the hour closest to noon without precipitation.
We also developed statistical models for the period 1986-1993 to predict PM 2.5 and sulfates from PM 2.5 for days in which they were not measured. We used the coefficient of haze, the extinction coefficient, and total sulfates from the Sutton station as predictor variables (hereafter referred to as predicted PM 2.5 ). The R 2 for the prediction model for PM 2.5 was 0.72 and for sulfates from PM 2.5 it was 0.80.
Regarding statistical methods, analyses were conducted for all nonaccidental causes of death and selected other underlying causes of death. We used quasilikelihood estimation within the context of the generalized additive models (41) to model the logarithm of daily counts of causespecific deaths as functions of the predictor variables. We assumed that the daily counts of death were distributed approximately as a Poisson variate with constant over-or underdispersion. We used locally weighted regression smoothers (LOESS) for nonparametric terms. We regressed the natural logarithm of the daily number of deaths on a LOESS term for day of study, thus providing an adjustment for seasonal and subseasonal variations (temporal filter), another term to account for annual trends in daily mortality, and LOESS terms to adjust for the potential confounding effects of relevant weather variables. For each underlying cause of death, we selected the temporal filter with a smoothing bandwidth (span for the LOESS function) that produced a filtered time series that was consistent with a white noise process, using Bartlett's statistic as dicussed by Priestly (42) . This produced residual time series that had the least amount of serial autocorrelation. We then included in the model for each cause of death LOESS terms for selected combinations of weather variables. These combinations were derived from fitting a series of models that contained different sets of weather variables, evaluated across different lag periods (lags 0-5), and we selected the ones that yielded the minimum Akaike Information Criterion (33) (34) (35) .
Filtered and weather-adjusted models using daily concentrations of ozone averaged across the fixed-site monitoring stations were considered. We also estimated mortality at lag 1 day and for the average of lags 0-2 days (referred to as the 3-day mean). As there were strong seasonal variations in concentrations of ozone, we also assessed associations according to a "cold season" (October to March) and a "warm season" (April to September). Exposure-response functions for each metric of ozone were plotted, and we used an approximate F test to determine whether the fitted nonparametric smooth was consistent with a log-linear exposure-response function (41) . Assuming linearity, we also estimated the relative increase in the logarithmic number of daily deaths per unit increase in the concentration of ozone. The percentage of change in the mean number of daily deaths for an increase of ozone equal to its interquartile range was calculated (referred to as the mean percentage of change (MPC)). The associated upper and lower 95 percent confidence limits on the mean percentage of change were obtained assuming that the estimated regression coefficient was distributed normally, with the standard error corrected for non-Poisson dispersion.
RESULTS
There were 133,904 nonaccidental deaths during the study period 1984-1993 (figure 1), with neoplasms, cardiovascular diseases, and respiratory diseases accounting for 31.5 percent, 42.8 percent, and 8.5 percent of all deaths, respectively (table 1) . Seventy-five percent of the deaths were among persons aged 65 years or over. Some of these cause-specific time series were overdispersed (e.g., cardiovascular diseases), and this arose from strong seasonal fluctuations in mortality. However, the filtering of each of these time series to white noise considerably reduced the overdispersion as well as the serial autocorrelation (33) (34) (35) . Table 2 shows that levels of ozone, other gaseous pollutants, and particles were low compared with those of other North American and European cities (e.g., mean concentration of ozone was 29.0 µg/m 3 ). Station-specific mean values of ozone over the 10-year period ranged from 16.6 to 43.1 µg/m 3 , and the range of Pearson's correlation coefficients between pairs of monitoring stations was 0.5-0.9 (33, 34) . Ambient concentrations of ozone had strong seasonal variations, peaking in the summer months, and concentrations of ozone increased slightly over time (figure 2). Table 3 shows the principal results for ozone for each cause of death, unadjusted for other pollutants. Across all seasons, associations with the 3-day mean were generally stronger than those at lag 0 and lag 1 days. We did not find any statistically significant associations in any of the three lag periods considered among persons who died of lung cancer, respiratory diseases, nonmalignant digestive diseases, injuries and poisonings, and other nonaccidental causes of death. We did find, In general, these associations were restricted to persons 65 years of age or over, although associations were found among persons under the age of 65 years who died of coronary artery disease (lag 1 day, 3-day mean). Similar effects were found in men and women (data not shown). The above estimates were based on the assumption that the fitted exposure-response function for ozone was consistent with a linear function. Using a nonparametric test for linearity (41), we found, however, that all nonaccidental mortality for the three lag periods (test for linearity p value < 0.02; figure 3 ) and neoplasms at the 3-day mean (p < 0.02) showed a "jshaped" relation, with lower effects occurring at intermediate concentrations of ozone. These nonlinear relations are due to the negative correlations between ozone and mortality in the cold season and positive ones in the warm season. (The mean level of ozone in the cold season was 20.8 µg/m 3 and in the warm season it was 37.1 µg/m 3 .) Table 3 and figure 4 show this explicitly: Associations for all nonaccidental causes, neoplasms, and respiratory diseases were positive and statistically significant in the warm season; lung cancer showed a similar pattern but its association was of borderline significance. Figure 5 shows the results for ozone evaluated at the 3-day mean adjusted simultaneously for other pollutants (carbon monoxide, nitrogen dioxide, sulfur dioxide, and coefficient of haze) for both age groups combined. The adjustments did not greatly alter the findings that were reported in table 3, but the magnitude of the associations for deaths from neoplasms and respiratory diseases was increased somewhat. Results similar to these were also found when predicted PM 2.5 and total sulfates (from the Sutton monitoring station) were used as metrics for particle pollution instead of the coefficient of haze (data not shown).
DISCUSSION
To compare the findings for nonaccidental causes of death with those of other studies, we rescaled our estimates for an increase in ozone of 50 µg/m 3 . This yielded a 5.4 percent increase (from the results for the 3-day mean), and this is comparable with findings from most other studies (a 4.9 percent increase in Philadelphia, Pennsylvania (12), a 2.4 percent increase in Amsterdam, the Netherlands (43), a 2.9 percent increase in eight European studies) but is larger than that found in Mexico City, Mexico (0.6 percent) (11) .
In just a few studies have cause-specific daily mortality and ground-level ozone been investigated (7) (8) (9) (10) (11) (12) . Positive associations with deaths from cardiovascular diseases have been found in four of five studies (7) (8) (9) 11) , and associations with deaths from respiratory illnesses were found in three of six studies (7) (8) (9) . There have been rather more investiga-tions of hospital admission data. In a combined analysis of data from the 10 largest cities in Canada, including Montreal (25), positive associations for cardiovascular diseases were found for concentrations of ozone lagged by 2 days. A positive association between ozone and ischemic heart disease was also found in Helsinki, Finland (23), but no associations were found in studies conducted in Tucson, Arizona (24), London, England (26) , and Edinburgh, Scotland (28) .
The results for respiratory illnesses are more consistent, with positive associations found in a series of multihospital studies in the Province of Ontario (13, 14, 16) and in a combined analysis of 16 Canadian cities (27 (17) . Statistically significant positive associations have been reported in studies in London, England (22) , and Valencia, Spain (29), but not in Amsterdam and Rotterdam, the Netherlands (31), and Edinburgh, Scotland (28) .
The effects of ozone in Montreal have also been investigated in time-series studies of hospital admissions and emergency room visits (45) (46) (47) . During the period 1983-1988, Delfino et al. (45) found a positive association during the summer between hospital admissions for respiratory conditions, especially asthma, and increasing levels of ambient ozone. They also found among persons 65 years or over positive associations in the summer for emergency room visits for respiratory conditions (46, 47) ; the estimated effect was about 0.05 emergency room visits per unit µg/m 3 increase in ozone. * The statistical model for each cause of death was E(log(y i )) = α + LOESS(i, span = x) + LOESS(year) + multiple weather variables + β × pollutant, where i is an indicator for day and x is the selected span (in days, divided by the total number of days in the study period (n = 3,653)).
† Mean percentages of change were calculated for an increase of ozone equal to the interquartile range ( Our findings need to be interpreted in light of the assumptions, strengths, and limitations of the study design. Although outdoor measurements of ozone were used as a surrogate for population exposures, this metric is likely to be valid because during the warm periods of the year ozone permeates through open windows into indoor environments. This penetration occurs because few homes in Montreal are centrally air conditioned or have noncentralized air conditioners.
We chose to split the year into only two seasons rather than four to minimize the loss of statistical power due to the reduction in the number of days in each seasonal time series. We also drew on the results of Burnett et al. (27) who found associations with ozone from April to December for hospital admissions for respiratory illnesses.
There tends to be a high degree of correlation among dayto-day changes in the concentrations of air pollutants (gases and particles) in urban air. This is due to similarities in the sources, atmospheric chemical processes, and influences of weather among urban pollutants. We accounted for the joint effects of nitrogen dioxide, sulfur dioxide, carbon monoxide, and ambient particles in determining the association between ozone and daily mortality. Daily measurements of concentrations of particles were not available for the entire study period and, thus, the adjustments for particles were based on the coefficient of haze and predicted values for fine particles (33, 34) . We found, however, that the associations between ozone and mortality were relatively unaffected after adjusting for the various indices of particles and other gaseous pollutants. This is consistent with other studies in which weak or no confounding effects of other pollutants were observed (27, 29) .
We could not control for the effects of infectious disease epidemics (e.g., influenza, which occurs mostly in the fall and winter, when particle levels are increased) because there are no databases that could be used for this purpose. These epidemics occur mostly in the winter months and the effects of ozone are mostly in the warm months of the year, so that these epidemics should not have confounded the warm season-specific estimates. We are unaware of any studies in which adjusting for influenza epidemics removed associations between mortality and air pollution (7, 48, 49) .
We assumed that any inaccuracies in coded underlying causes of death had constant probability distributions over the 10-year period of this study. There are no data reporting the accuracy of underlying causes of death in Quebec. In other jurisdictions, it has been found that the accuracy of coding varies with cause of death (50) (51) (52) (53) . The site of cancer is usu- ally coded reasonably accurately (above 80 percent), but respiratory and cardiovascular diseases are often confused. In particular, when persons have both conditions concurrently and both contributed to death, there may be some uncertainty about which cause should be selected as the primary underlying cause. In other instances, there may be errors in selecting one underlying cause in a complex chain of health events (e.g., cancer leading to pneumonia and then to respiratory failure). Regarding possible mechanisms, although the concentrations of ozone in Montreal are rather low (median value, 20 µg/m . From a toxicologic perspective, these spikes reach values for which biologic responses in animal models or human volunteers have been found. We postulate that ozone may alter the structure of the surfactant or the extracellular lining of the lungs and that there may be interactions with the functioning of macrophages. This hypothesis is supported by data showing that ozone inhaled by rats will decrease the capacity of macrophages to ingest and kill Listeria monocytogenes. Ozone suppresses the development of cellular immune responses and delays hypersensitivity and lymphoproliferative responses to Listeria antigen in cells (54) , it causes residual damage in rats whose lungs were injured by influenza (55) , and it increases bacterial infections (56) . In macrophages, ozone reduces binding and responsivity to interferon gamma (57), decreases clearance of bacteria from the lungs, and interferes with the coordination of other cellular responses (58) .
Because persons are exposed simultaneously to many air pollutants, the associations with ozone observed in this study and in other studies may be due to the combined effects of all pollutants. Support for this hypothesis comes from studies showing that injuries in the lungs of rats from exposures to ozone will be amplified by inhaled urban particles (59) (60) (61) . In addition, repeated inhalation of sulfuric acid aerosol reduces uptake and intracellular killing of bacteria by macrophages and alters a number of their immunomodulatory functions (62) . The responses of macrophages to a respiratory virus have also been shown to be affected by ambient particulate matter (63) .
